We examined the fail-safe responses against lowdose botulinum intoxication (botulinum neurotoxin serotype A; 0.05 ng/35 g body weight) in electrically activated in vitro phrenic nerve-diaphragm preparations, since sustained ventilation is critical for the prognosis of clinical botulinum intoxication. At 0, 1, 2 and 4 wks after the peritoneal injection of the toxin, both contractility and neurotransmitter release were measured. There was an increase in directly induced twitch force without affecting directly induced tetanus throughout the observation period. Indirectly induced twitch force decreased by 60% at 1 wk, which gradually recovered only during the 4-wk observation period. Spontaneous neurotransmitter release, evaluated as the frequency of miniature end plate potentials, was largely abolished 1 wk after the injection and recovered only slightly during the 4-wk period. The effects on spontaneous release were independent of medium Ca 2+ concentration. Evoked release, evaluated as quantal content, was also mostly inhibited at 1 wk, but it recovered to approximately 50% of controls at 4 wks. The recovery of quantal content was more prominent at low medium Ca 2+ concentration. These results indicated two functional failsafe responses that compensate for the acute inhibitory effect of low dose of botulinum toxin on neuromuscular transmission; increased contractility of muscle, and improved efficiency of evoked quantum release. The increased contractility probably reflects remodeling of muscle fiber composition of the diaphragm. The improved efficiency of evoked quantum release probably involves remodeling of voltage-gated Ca 2+ channels, intracellular Ca 2+ store sites, or transmitter-releasing apparatuses.
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Injection of botulinum toxin into muscle prevents neurotransmitter release from motor nerve terminals, and results in long-term paralysis [1] [2] [3] . Botulinum neurotoxin serotype A (BoNT/A), one of the most potent toxins known to man, has been used in many experiments to examine its acute and long-term effects. The toxin cleaves out the C-terminus of the 25-kDa synaptosomally associated protein (SNAP-25), which is a cytoplasmic protein that participates in the fusion of synaptic vesicles with the nerve terminal membrane to facilitate neurotransmitter release [4] . Functional recovery is supported by newly synthesized SNAP-25 [5] and subsequent morphological changes, including the formation of new motor nerve branches or sprouts [2, 6] . These morphological changes appear 1 wk after injection, reach a maximum 4 wks after injection, and disappear after 13 wks after injection [7] . Most studies so far focused on the effects of highdose BoNT/A that causes severe paralysis. However, intoxication with much lower dose is the general clinical situation. A wide safety margin reported for the function of motor nerve terminals [8, 9] suggests that several failsafe responses work to compensate for the effect of the low-dose BoNT/A intoxication. The responses induced at low-dose intoxication would be functional rather than morphological.
The purpose of the present study was to examine the fail-safe responses that compensate for the effect of low-dose BoNT/A intoxication. To detect the responses during 4-wk recovery period, we analyzed both muscle contractility and neurotransmission of isolated nervemuscle preparations. We used phrenic nerve-diaphragm preparations because their contraction is continuously driven by the need for ventilation so as to actuate compensatory fail-safe responses. Maintenance of diaphragm function is critical for the clinical prognosis of botulinum intoxication. 
Animals.
Male and female mice (7 wks-old) were intraperitoneally injected with BoNT/A (0.05 ng/35 g body weight) and killed at 0, 1, 2, or 4 wks after injection (n = 6/group). Left phrenic nerve-diaphragm preparations were dissected from the mice. Those killed at 0 wks were not injected with the toxin and served as controls. All procedures were approved by our institutional review committee and followed the guidelines of the Physiological Society of Japan for the care and use of experimental animals.
Botulinum toxin. BoNT/A was purchased from Wako Pure Chemical Industries (Osaka, Japan). After dilution with 0.05 mol/l acetate and 0.2 mol/l NaCl (pH 6.0) buffer, the mice were injected with an amount of toxin that slightly inhibited locomotor activity.
Media and hemidiaphragm preparation. All experiments were performed on isolated left hemidiaphragm preparations [10] . 2+ bathing solutions) were also prepared for measuring end plate potentials (EPPs). These solutions were bubbled with a mixture of 95% O 2 and 5% CO 2 and kept at pH 7.3 and 37°C. The preparation was equilibrated in the appropriate bathing solution for at least 30 min before any treatments. The temperature of the solution was held constant using an external water jacket and a thermoregulatory device (Thermominder SM-05R, Taitec, Koshigaya, Japan).
Tension Recording. One end of the site of insertion into the rib cage of the left hemidiaphragm with its phrenic nerve was fixed, and the central tendon was attached to a force-displacement transducer (TB-652T, Nihon Kohden, Tokyo, Japan). The phrenic nerve or muscle layer was stimulated through a suction electrode connected to an electronic square-pulse generator (SEN-3201, Nihon Kohden) in the standard bathing solution. The nerve trunk was stimulated with supermaximal voltage at 0.1-ms duration (indirectly induced twitch [IT] ) and the muscle also at 1-ms duration (directly induced twitch [DT]). Resulting isometric twitches were recorded on a thermal array recorder (AD-100F, Nihon Kohden).
TOF test. Trains of four stimulations (TOF stimulation, 2 Hz for 2 s every 15 s) were applied to the nerve and muscle layer. These stimuli evoked four consecutive twitches (T1, T2, T3, T4). The TOF ratio of the fourth twitch to the fi rst twitch (T4/T1) was calculated. The TOF ratio was approximately 1 when the muscle was stimulated and greater than 1 when the motor nerve was stimulated. A reduction in neurotransmitter release should produce a ratio that is smaller than 1 [11] .
Electrophysiological measurements. Intracellular recordings were made using glass microcapillary electrodes fi lled with 3 M KCl with a resistance of 4-6 MΩ.
The electrode was inserted into muscle fibers near the end plate regions. The signals were fed through a highimpedance unity-gain preamplifier (MEZ-8201, Nihon Kohden) and displayed on an oscilloscope (VC-11, Nihon Kohden). The amplitudes of miniature end plate potentials (mEPPs) that were at least 0.05 mV were counted by a histogram analyzer (QC-111J, Nihon Kohden). The mEPPs were recorded for successive periods of approximately 1 min after exposure to a given solution, and the mean mEPP frequency was calculated. EPPs were evoked by stimulation of the phrenic nerve with 128 square pulses of 0.1-ms duration and supermaximal voltage at 1.5-s intervals using a suction electrode in the low-calcium bathing solutions. The quantal content (m) was estimated by the method of failures from m = log e (N/No) in which N is the number of trials and No is the number of failures [12] . Calcium cooperativity was defi ned as the slope of the line of log quantal content plotted against the log calcium concentration.
Statistical methods. Data were analyzed by a Student's t-test after an F test. In Figs. 4 and 5, data also were analyzed by a one-way analysis of variance (ANOVA) test. In Fig. 7 , data were analyzed by a comparison of two regression slopes, and a probability value of less than 0.05 was considered statistically signifi cant.
RESULTS
The dose of BoNT/A selected for intraperitoneal injections was not lethal to mice. This dose produced intoxication for a few days after injection. The mice recovered and regained movement and feeding abilities, thus becoming able to perform usual daily activities. Figure 1 shows the effects of BoNT/A in vivo intoxication on neuromuscular transmission in the isolated phrenic nervediaphragm preparations. The ratio of IT/DT was calculation as a quantitative estimate of the toxin effects on the neuromuscular transmission. BoNT/A initially reduced the ratio to approximately 40% of controls at 1 wk after the injection. The ratio recovered to 55% at 2 wks, and 70% at 4 wks. Thus, the toxin transiently inhibited neuromuscular transmission, which recovered significantly over the 4-wk study period.
The effects of the toxin on DT were examined (Fig.  2) . The DT amplitude increased at 1 and 2 wks after the toxin injection. This effect weakened, but continued at 4 wks. On the contrary, chronic exposure to the toxin did not affect directly evoked tetanus (data not shown). The TOF test showed a selective inhibitory effect on IT, implying that neuromuscular transmission was impaired (Fig. 3) . This impairment partially recovered within the
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The Journal of Physiological Sciences Vol. 58, No. 6, 2008 during the observation period. The amplitude of mEPP showed no marked change during the period (data not shown). Evoked release was evaluated by its quantal content (Fig. 5) . The toxin drastically reduced the content 1 wk after the injection. The content was gradually restored and reached 50% of controls at 4 wks. Thus, the inhibitory effect more potently affected the mEPP frequency, and the recovery of the quantal content was remarkable.
4-wk observation period. In contrast, the TOF ratio of the DT increased at 1 and 2 wks after the toxin treatment.
To confirm that the toxin inhibited neurotransmitter release, we examined the effect on spontaneous and evoked output of neurotransmitter in the diaphragm. Spontaneous release was estimated by measuring mEPP frequency. The toxin injection reduced mEPP frequency to almost zero (Fig. 4) , which recovered only slightly Fig. 1 . Effect of BoNT/A in vivo intoxication on the IT/DT ratio in isolated left hemidiaphragm preparations from control mice and mice 1, 2, and 4 wks after BoNT/A injection. All preparations were trimmed to be 4 mm wide. The ratio was calculated from the amplitude of IT divided by the amplitude of DT. Supermaximal voltages elicited both IT and DT. Results are means ± SE of six preparations.
* P < 0.05 and * * P < 0.01 vs. control.
Fig. 2.
Effect of BoNT/A in vivo on DT amplitude in isolated left hemidiaphragm preparations from control mice and mice 1, 2, and 4 wks after BoNT/A injection. All preparations were trimmed to be 4 mm wide. Results are means ± SE of six preparations. * P < 0.05 and * * P < 0.01 vs. control. conveniently detect impaired synaptic transmission without referring to directly stimulated force.
Reinforcement of DT during recovery period
During the 4-wk recovery period from the acute effect of intoxication, two functional fail-safe responses were detected: an increase in the DT force of a 4 mm-wide diaphragm (Fig. 2) and the marked recovery of evoked quantum release at the motor nerve terminals (Fig. 5) .
The increase of DT amplitude was not accompanied
Based on the differential effects of BoNT/A on mEPP and evoked EPP, we further examined the dependency of EPPs on Ca 2+ concentration in the medium. As shown in Fig. 6 , mEPP frequency remained almost constant regardless of the Ca 2+ concentration. On the other hand, the quantal content of evoked EPP depended signifi cantly on Ca 2+ concentration. In Fig. 7 , we plotted the logarithmic values of the quantal content against the logarithmic values of Ca 2+ concentration. The plot gave regression lines with different slopes. The slope of 1 wk after the toxin injection (3.7) was similar to that of controls (3.7), but was signifi cantly reduced after 2 wks (1.9) and 4 wks (1.5). This reflects that quantal content recovered more prominently at the lower Ca 2+ conditions, suggesting that medium Ca 2+ is more effectively utilized during the recovery phase from BoNT/A intoxication.
DISCUSSION

Acute effect of BoNT/A
The present observations concerning the IT/DT ratio (Fig. 1) , the mEPP frequency (Fig. 4) , and the quantal content of evoked EPP (Fig. 5) all confirmed that the acute effect of botulinum intoxication markedly inhibited neuromuscular synaptic transmission. The T4/T1 ratio of IT (Fig. 3) was proposed to be a convenient parameter that reflects neuromuscular transmission blockade because the train of 2 Hz stimulation on an impaired motor terminal induced efficient neurotransmitter depletion [12] . In the present study, the T4/T1 ratio of IT was always greater than 1 in controls, but less than 1 following the exposure to BoNT/A, confi rming that the ratio could . Each point represents the mean of six measurements. The slope for each data set was calculated and is shown in the inset. . Quantal content was calculated by the method of failures. Results are means ± SE of six preparations.
* P < 0.05 vs. 2 wks and * * P < 0.01 vs. control. 
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The Journal of Physiological Sciences Vol. 58, No. 6, 2008 level throughout the recovery period. It then follows that the reduced mEPP frequency would represent the reduced number of mature synaptic vesicles that are readily released. The prominent recovery of quantal content observed during the 4-wk recovery period would therefore represent the improved effi ciency of the mechanisms that release the transmitter when evoked.
The recovery extent of the quantal content was found more prominent at low external Ca 2+ concentrations (Fig.  7) . Similar external Ca 2+ dependency of quantal content has been observed in motor nerve terminals blocked chronically with tetrodotoxin cuff [16] . The possibility of enhanced Ca 2+ inflow that preferentially works at low external Ca 2+ is supported by the evidence that several types of voltage-gated Ca 2+ channels have been reported to develop during the recovery period from BoNT intoxication [17] [18] [19] . In normal condition, the P/Q-type channel is generally considered to induce evoked quantum release [20] . Some of the Ca 2+ channels specific to the recovery period may be partially inactivated at physiological external Ca 2+ concentration. by the increase of directly induced tetanic force (data not shown). A similar selective increase in DT beyond the control was reported in the denervated diaphragm by Shindoh and co-workers [13] . Observing the prolonged time course of twitch contraction and histological staining patterns of the denervated diaphragm, they ascribed the recovery to be a consequence of the selective atrophy of fast-twitch muscle fibers. Zhan & Sieck also reported a selective atrophy of fast-twitch fi bers after denervation and chronic tetrodotoxin intoxication in the diaphragm and also in the medial gastrocuemius muscle [14] . Consistently with the selective atrophy of fast-twitch fibers after prolonged deactivation of the muscle, BoNT/A injection was reported to induce a sustained decrease of directly induced both twitch and tetanus force in the extensor digitorum longus and tibialis anterior muscles, which are rich in fast-twitch fibers [15] . We consider that the selective DT increase observed in the present study also reflects increased contribution from slow-twitch fibers resulting from the selective atrophy of fast-twitch fi bers. This is because the T4/T1 ratio of DT was also increased during the recovery period (Fig. 3) . Successive DT contractions of slow-twitch fibers at 2 Hz would partially merge to increase the T4/T1 ratio. Thus it is reasonable that the T4/T1 ratio and the IT/DT ratio concomitantly returned to the original values at 4 wks after the BoNT/A injection. Along with the selective atrophy of fast-twitch fi bers, Zhan & Sieck observed selective hypertrophy of slowtwitch fi bers [14] . Although we did not measure the thickness of our 4 mm-wide diaphragm specimens, the compensative hypertrophy of slow-twitch fibers may have prevented the diaphragm from overall atrophy to maintain ventilation. We consider that a part of the increased DT amplitude would reflect hypertrophy of slow-twitch muscle fi bers also.
Effi cient utilization of external Ca 2+ at the motor nerve terminals
The most surprising result obtained in the present study is that the evoked transmitter release (evaluated as quantal content of evoked EPP; Fig. 5 ) recovered more prominently than the spontaneous transmitter release at rest (evaluated as mEPP frequency; Fig. 4) . It is generally considered that the mEPP frequency is determined by the number of mature synaptic vesicles and the concentration of internal Ca 2+ in the resting motor terminals [11] . The steady concentration level of internal Ca 2+ at rest represents the balance point between Ca 2+ inflow and export at the motor nerve terminals. Since mEPP frequency did not depend on external Ca 2+ throughout the present 4-wk recovery period (Fig. 6) , we consider that the resting motor terminals are able to regulate their Ca 2+ export system to compensate for the reduced Ca 2+ inflow so as to keep internal Ca 2+ concentration at the physiological
